Large-scale disturbances which cause the variations of ozone and water around the equatorial tropopause are investigated with a general circulation model incorporating a simplified ozone photochemistry, realistic topography, and seasonal cycle of the sea surface temperature. Eastward moving large-scale equatorial gravity waves are found to be dominant to modulate the minor constituents' distribution around the equatorial tropopause. A case over the Indian Ocean in the northern summer was investigated in detail. The disturbance had the characteristics of the equatorial Kelvin wave at the tropopause level, coupled with organized active convections in the troposphere. Associated with the downward displacement (and suppressed-convection) phase of this system, dry, ozone-rich stratospheric air moved downward into the upper troposphere. At the opposite phase, physical and dynamical processes above the organized active convections prevented the lower stratosphere from accumulating excess water. Thus the dryness around the equatorial tropopause is maintained during the passage of such a system. Analysis of 4-year integration data reveals that such disturbances are especially active over the Indian Ocean during the northern summer through autumn. This is probably related to the development of the summer monsoon circulation over south Asia. This model has also simulated the zonal wave one structure of tropical tropospheric ozone and suggested the important contribution of convective transport to the structure. trolling the photochemical and radiative balance of the Earth's atmosphere [e.g., Holton et al, 1995]. The history of research on STE began with Brewer [1949], who postulated a global meridional circulation in the stratosphere, now often called Brewer-Dobson circulation (after the works by Dobson et al. [1929] and Dobson [1956] as well), from some stratospheric water vapor data over England. Later, Mote et al. [1996] visualized the trop-ical upward branch of this circulation with a satellite data analysis. Brewer's point was that the tropospheric air should enter the stratosphere only through the tropical tropopause, the coldest tropopause in the world, where the air is dried by condensation; afterward, the air should travel in the stratosphere to higher latitudes to maintain the dryness of the global stratosphere. The drying process at the tropical tropopause is called "cold trap" or "dehydration." Since Brewer's paper, tropical STE has always been discussed in terms of water vapor transport or dehydration mechanism. (See section 7 of Kley et al. [1979] for the discussions in the 1970s.) On the basis of the idea that the lower stratospheric water vapor concentration should satisfy the saturation condition at the tropopause somewhere in the tropics, Newell and Gould-Stewart [1981] tried to specify the upward transport region by utilizing the monthly mean temperature data at 100 hPa in the tropics and the water vapor sounding data over Brazil. The analysis showed that such a region would be limited seasonally and lon-22,763
Introduction
Transport of mass and chemical species across the tropopause, often called stratosphere-troposphere exchange (STE), is one of the important processes con-gitudinally to the "stratospheric fountain" regions, that is, the Indonesian maritime continent in the northern winter and the Bay of Bengal and India in the northern summer because the 100-hPa temperatures are not sufficiently cold even for much of the tropics. Although recently there are some disputes on this "fountain" hypothesis [e.g., Holton et al., 1995; Dessler, 1998; Vb'mel and Oltmans, 1999; Sherwood, 2000] , it still is the basic one.
Tropical STE would occur associated with a slow mean rising motion through the tropopause and/or some meteorological disturbances affecting the tropopause region. A dominant contribution of the former process which Brewer [1949] had originally postulated was questioned by Holton [1984] , who discussed that such a motion should require the formation of a thick uniform cloud layer near the tropopause but that such clouds are not observed. Recent satellite observations, however, have revealed that optically thin (subvisible or subvisual) cirrus clouds are frequently present near the tropopause [e.g., Wang et al., 1996; Winker and Trepte, 1998 ]. Also, a theoretical work in the early 1990s has given the dynamical basis for the Brewer-Dobson circulation as driven by extratropical eddy-induced drag force [Haynes eta!., 1991 ; see also Holton et al., 1995] . These findings may imply that a slow upward advection makes a certain contribution to the tropical STE. However, what has drawn much attention since the early 1980s is the cumulonimbus cloud, which may directly affect the tropopause region and may even penetrate/overshoot into the lower stratosphere. There is a reason to focus on deep convection because the fountain regions, which have a colder tropopause, coincide with the area of strong convection. One of the requirements that any dehydration mechanism should satisfy is that the ice particles formed near the tropopause should become large enough to fall out and not be carried up again to reevaporate in the lower stratosphere. Danielsen [1982] proposed such a mechanism in radiatively destabilized anvils in overshooting cumulonimbus clouds from the results of the first intensive aircraft observation of tropical STE conducted at Panama in August-September 1980 (see the special issue in Geophysical Research Letters, 9(6), 1982) . As a test of the Danielsen's model in a fountain region, another aircraft mission was conducted at Darwin, Australia, in January-February 1987 (see the special issue in Journal of Geophysical Research, 98(D5), 8561-8773, 1993). These two campaigns confirmed that cumulonimbus clouds can penetrate into the lower stratosphere to mix the tropospheric and stratospheric air around the tropopause, and the Darwin results showed that some dehydration processes did occur at the top of the penetrating clouds [see . Vb'mel et al. [1995] also observed a strong connection between the water vapor content near the equatorial tropopause and deep convections. However, it is still unclear how frequent and effective such cumulonimbus cloud processes are for the tropical stratospheric mass and water vapor budget. Another type of disturbance which may contribute to the dehydration is small-scale fluctuations in temperature in the lower stratosphere, that is, the atmospheric gravity/buoyancy waves mainly generated by the convections below [e.g., Potter and Holton, 1995] . Potter and Holton discussed that the cloud particles produced and enlarged at the cold phase of such waves would eventually fall out to make a contribution to the dryness of the tropical lower stratosphere.
As seen in the above, aside from the Brewer-Dobson circulation, most of the researchers have been focusing on small-scale disturbances as the agent of tropical STE rather than large-scale or synoptic-scale disturbances.
However, there is an early work by Parker [1973] Recently, Boehm and Vetlinde [2000] analyzed the radiosonde and micropulse lidar data taken at Nauru in the western Pacific and showed that cirrus clouds ap-peared selectively at the cold phases of the Kelvin wave near the tropopause. Also, as a part of the project Soundings of Ozone and Water in the Equatorial Region (SOWER)/Pacific mission, some water vapor soundings were made by using the balloon-borne cryogenic frost point hygrometer at San Crist6bal Island, Ecuador, in September 1998 and revealed the role of the Kelvin wave in controlling the water vapor concentration around the tropopause [Fujiwara et al., 2001 ].
In the present study, we aim to investigate the role of large-scale disturbances such as Kelvin waves in the tropical STE by using an atmospheric general circulation model (GCM) which incorporates a simple ozone photochemistry. Previous studies using this model have succeeded in internally simulating a quasi-biennial oscillation (QBO) in zonal wind in the equatorial lower stratosphere [Takahashi, 1996; Takahashi et al., 1997; Takahashi, 1999] and ozone QBO [Nagashima et al., 1998 ] for the first time as a GCM. They confirmed that one of the keys for success was to set the vertical resolution as 500 m, finer than that of other GCMs, to allow simulating finer-vertical-scale gravity waves. We consider that this is also essential to simulate a realistic activity of large-scale disturbances at the tropical tropopause [cf., Lindzen and Fox-Rabinovitz, 1989 ]. In sections 2 and 3, we will explain the present model in detail and show some of the basic performance of the model. We will investigate a case resembling the one observed by Fujiwara et al. [1998] in section 4 and describe the seasonal and longitudinal dependences of the activity of large-scale disturbances at the equatorial tropopause in section 5. Section 6 summarizes the findings. The initial field for this experiment was prepared from Nagashima et al.'s result on August 16 of the eleventh year. We suitably interpolated their T21 data set to make a T42 data set and started the integration. On November I of the eleventh year the vertical spacing has been changed slightly from Nagashima et al.'s to the one described above. Then, we made an ,4year integration until the last day of the fifteenth year. The outputs are the daily-averaged meteorological parameters, ozone volume mixing ratio, etc. Before the analyses, all the parameters on the 60 cr levels are projected onto the 60 pressure levels (in this paper, Pi was set as cri x 1000, where i -I • 60), and the altitude is calculated from the relation, Zi = -H In (Pi/1000), where H = 7 km (see the inner ticks of the following figures). We use the 4-year data between the first day of the twelfth year and the last day of the fifteenth year in the following analyses. for Atmospheric Research Community Climate Model (NCAR CCM2) at T42 [Boville, 1995] , the tropical tropopause temperatures are •-10 K less than the observations and •-5 K less than NCAR CCM2 in both months, and the temperatures of the winter polar lower stratosphere, 25 to 30-km altitudes, are ,,•10-15 K less than the observations and -•,5 K less than NCAR CCM2 in both months. The separation between the midlatitude westerly jet and the polar night jet is well simulated in both months, but the polar night jet is a factor of ,,,1.5 stronger than the observations in January. [1998] (see their Figure 3 and Plate 1). Specific humidity around the tropopause also showed a corresponding variation to ozone and meteorological parameters: During August 8-16, the upper troposphere was relatively wet with lower ozone concentrations, and after the tropopause jump on August 17, the upper troposphere was relatively dry with higher ozone concentrations, being associated with the stratospheric air mass intrusion. Figure 4 shows the variations of temperature between 12 and 20 km, vertical wind and liquid water content between the surface and 20 km, and surface precipitation for the same period at the same station as in ½ ................ .• .....  -.'"  . . ., .... , .t • ........................  I ,.: ..... 1.,-, .. ? t----"-, '--r .........  I ...........................  I,---• ........... '•--/•---I t.,  I ..... ? t -- .... •, .......................... ij ........ ..................................................... I • ..................................................  I ..... I-- (1) It is limited within :t:15 ø latitudes (e.g., Figure 7) ;
Model Description

Climatological Features of the Model
(2) it propagates eastward relative to the background zonal wind ( Figure 6); (3) it has a zonal wind component but no substantial meridional wind component (Figure 8); (4) it is symmetrical about the equator with a Gaussian-like structure (e.g., Figure 7) ; (5) it satisfies the dispersion relation of the theoretical equatorial Kelvin wave (equations (2) and (3)); (6) its positive temperature phase leads its eastward wind phase by a quarter cycle at a given height (Figures 3b and 4a) ; and (7) its positive geopotential phase corresponds to its eastward wind phase at a given height (not shown). 25 -J_,,,' .... ',,, I,, ,, .... ,,,,I .... ,,,, •,,,,,,, •,,,, .... I,,,, .... ,,,, I,, ,, .... ' contour lines are [1, 1.5, 2, 3, 5, 7Ix I0 n ppbv, where n -1 ,• 3 L--..__J ___J .... .•lllllll.,,,.! _...I,.,,•\'• _ ,..• ,•\ I._ -•,,..,.,•._.',,k- field. Both panels are in reasonable agreement in terms of both general distribution and variability; the equatorial ,•100-hPa temperature is on average lower during the northern winter and over the date line, and large-amplitude, slower, eastward moving signals are seen over the Indian Ocean during the northern summer through autumn. It should be noted that the warm anomalies of the eastward moving signals correspond to the dry, ozone-rich air masses transported from the stratosphere (e.g., Plate 1). At these warm phases, the air temperature increases adiabatically and the water vapor concentration decreases due to the dry air transport to make the local air unsaturated. This means that the method of Newell and Gould-Stewart [1981] and Dessler [1998] , which assumes implicitly that the tropical tropopause air is always saturated, will overestimate the water vapor concentration at the tropopause [Vb'mel and Oltmans, 1999]. The present study suggests that when and where the large-scale gravity waves such as Kelvin waves are dominant, only their cold phases should be chosen to estimate the water vapor concentration around the tropopause because the air would be nearly saturated only at the cold phases and because the water vapor mixing ratio just above the tropopause would remain nearly constant during the passage of such waves. •-..,-,---.-•,,-.-•---,•, .... •,/. ~,. •. •, • • ~.._,.,, ,,, •., .......... ,/..,,.,,,.,.,....,. ---t-, .... ,',,, .... , ....... , -, --,, --'--'-o-, ,--, ...... ,,-z--/---,,-- ..... . .... t.......,., ..... ---,----,---.•-, ...... , ........ -/ ........ "'--% 1   .Llz'"' .... '"' ......... ' ...... ' .... '"'>""'-•"'" ..... " .......... '"' -'"'" ...... / .... '"'"' ..... t,,-,.'A-"-..... -...... ,-,-,,-----',-,-, ...... /.•_   • .... ----,--•----,,--•,-,-• .... .',--•,,-------.•--.-..---,D• .... .•-- 1.3953øN) 
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